Studies have suggested that the brain renin angiotensin system (RAS) regulates cerebral flow, autonomic and hormonal systems, stress, innate immune response and behavior, being implicated in several brain disorders such as major depression, Parkinson's and Alzheimer's disease. The angiotensin II receptor subtype 1 (AT1R) is distributed in brain regions responsible for the control of stress response through peripheral and central sympathetic hyperactivation as well as in the hypothalamic paraventricular region, areas known for the release of several neurotransmitters related to inflammatory response facilitation. This relationship leads to the assumption that AT1R might be the receptor most related to the central deleterious actions of angiotensin II. New evidences from clinical studies have shown a possible role for RAS in the pathogenesis of bipolar disorder (BD), a multifactorial disorder with acknowledged presence of neuronal damage via oxidative stress in brain areas such as hippocampus, prefrontal cortex and striatum. Given the studies highlighting AT1R activation as a central pro-inflammatory pathway and, conversely, the involvement of inflammatory response in the pathogenesis of BD; this paper hypothesizes the use of AT1R antagonists for BD management and prevention of its neuroprogression, due to their anti-inflammatory and neuroprotective effects.
Introduction
The renin-angiotensin system (RAS) plays an important role in blood pressure regulation and body fluid homeostasis [1] . Renin, produced in the juxtaglomerular cells of the kidney, cleaves an inactive peptide angiotensinogen into angiotensin I. The latter, a precursor of Angiotensin II (AngII) with negligible physiological effects, is converted to AngII by the angiotensin I-converting enzyme (ACE), secreted by pulmonary and renal endothelial cells. Angiotensin II plays a key role in the maintenance of cardiovascular homeostasis regulating blood volume and vascular resistance being therefore involved in the pathophysiology of cardiovascular diseases such as hypertension [2] .
The existence of a brain RAS is now widely accepted [3] . This central system includes all the precursors and enzymes required for metabolizing the angiotensins present in the peripheral system. Angiotensin II is widespread in the brain [4] . Previous experiments showed that the injection of AngII into key brain nuclei produced hypertension, an effect blocked by the AngII antagonist saralasin or by the deletion of AngII type 1 receptor (AT1R) [3] . Although peripheral AngII does not cross the blood-brain barrier (BBB), the communication between peripheral and central RAS is established through circumventricular organs that are sensitive to circulating AngII via ATRs [5] . On the other hand, following peripheral administration, AT1R antagonists, for example telmisartan, can penetrate the BBB in a dose-and time-dependent manner to inhibit centrally mediated effects of AngII [6] .
The effects of AngII are usually mediated by two well characterized subtypes of receptors, AT1R and AT2R [7] . These receptors are known to induce G protein-and non-G protein-related signaling pathways. Angiotensin II, via AT1R, carries out its functions via MAP kinases (ERK 1/2, JNK, p38MAPK), receptor tyrosine kinases (PDGF, EGFR, insulin receptor), and nonreceptor tyrosine kinases (Src, JAK/STAT, focal adhesion kinase (FAK)). Of note, alterations in the aforementioned intracellular pathways have been associated with mental disorders [8] . In this sense, MAP kinase-related pathways in the prefronto-striatal circuitries were involved in the manifestation of aggressive behaviors in mice observed after methamphetamine single and multiple injections [9] . Repeated administration of methamphetamine was recently proposed as an animal model of mania [10] . Furthermore, tyrosine hydroxylase activation of the ERK1/2 signal pathway was observed in the ouabain-induced animal model of mania [11] . Concerning the tyrosine kinase signaling pathway, it was previously described that the activity of GSK3a/b, an intracellular pathway involved in BD pathophysiology, is positively regulated by phosphorylation on tyrosine 0306-9877/$ -see front matter Ó 2012 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mehy.2012. 11.043 residues. This phosphorylation is inhibited by lithium, a mood stabilizer drug [12] . In addition, AT1R-mediated NAD(P)H oxidase activation leads to generation of the reactive oxygen species (ROS), widely implicated in vascular inflammation and fibrosis [7] , anxiety and mood disorders [13] .
The brain contains high densities of AT1Rs mainly localized in specific nuclei within the hypothalamus, brainstem regions as well as hypothalamic-pituitary-adrenal axis (HPA) and amygdala nuclei [14] . Angiotensin II AT1Rs are further subgrouped in the rodent brain into AT1A and AT1B receptors. These are related to osmo-, thermal-and behavioral regulation [15] . Besides the abundant representation of AT1Rs in the adult brain, AT2Rs are expressed in high density mainly in the neonate brain, and stimulation of AT2Rs by AngII provokes apoptosis [15] . Therefore, most of the literature regarding AT2Rs suggests a role in differentiation and development for this receptor. Some of the actions of the AT2Rs are even directly opposed to those of the AT1Rs, especially concerning the growthand differentiation-modulating actions of AngII [16] . Recent studies have highlighted a crucial role of AT2Rs in normal brain function, and the impact of its dysfunction on brain development and ultrastructural morphology with distinct consequences on learning and memory [17] . Thus, there is a consensus that the most damaging effects of AngII in the brain are triggered by AT1Rs activation. Indeed, widespread anti-inflammatory effects of AngII AT1R blockade in the periphery and brain were observed [4] . On the other hand, hyperactivation of these receptors seem to be implicated in mood disorders pathophysiology [18] . Accordingly, an imbalance between the AT1R-and AT2R-triggered signals may lead to diseases such as hypertension [2] and some of the brain dysfunctions seen in mental disorders [13] .
It has been previously established that besides the well-known AngII, other angiotensin peptides such as AngIII, AngIV and Ang-(1-7) are able to mediate distinct biological effects in the brain. In this way, the heptapeptide Ang-(1-7) has been shown to counterbalance most of the pressoric levels alterations and angiogenic actions of AngII in the periphery [3] , and more recently has been shown to be important in the regulation of neuroplasticity and neuroprotection [19] .
Overall, the dysregulation of brain RAS is associated with changes in glutamate release, ROS formation and activation of pro-inflammatory pathways [15] , events also related to the pathophysiology of mood disorders [20] .
Accumulated evidences from clinical [21] and pre-clinical [22] studies have acknowledged the increased levels of lipid peroxidation products and alterations in antioxidant enzymes systems in bipolar disorder (BD). Wang et al. [21] evaluated oxidative stress in the postmortem anterior cingulate brain sections from BD subjects and showed that 4-hydroxynonenal levels, a major product of lipid peroxidation, were significantly increased by 59% when compared to healthy subjects, suggesting that oxidative damage in the brain may partly contribute to the pathological process in BD [20] . Furthermore, it has been widely demonstrated that the generation of ROS plays a critical role in the pathophysiology of manifold neuropsychiatric disorders [21] .
Several lines of evidence have implicated inflammatory abnormalities in BD [20, 23] . Accordingly, increased levels of tumor necrosis factor a (TNF-a), interleukin-1b (IL-1b) and interleukin 6 (IL-6) have consistently been reported [24] . There seems to be a larger variation in the levels of inflammatory markers in BD patients compared to healthy subjects which further suggests that immune activation could be associated with BD clinical characteristics [20] .
Research regarding oxidative and inflammatory mechanisms in BD is still elusive. However, these studies can be useful for the development of new management strategies for this disorder as alternative adjuvant therapy [25] . The measurement of specific biological markers (for example, cytokines) in plasma samples of BD patients in different mood states, in order to facilitate the diagnosis and treatment outcome of BD, is another important reason for this investigation [26] .
Thus, regarding the role of RAS in the regulation of brain inflammatory and oxidative mechanisms, and the involvement of these mechanisms in BD pathophysiology, our hypothesis is that the modulation of brain RAS could be a beneficial add-on treatment for BD management and possible control of its neuroprogression.
The hypothesis
1. We hypothesize that the blockade of AT1Rs, by controlling pathophysiological alterations related to BD, may be useful as an adjuvant treatment for bipolar mania and depression. 2. Our specific hypothesis is that AT1Rs blockers by the regulation of brain inflammation and oxidative stress could prevent neuronal loss and cognitive impairment in BD contributing, thus, for the maintenance of euthymic state and prevention of neuroprogression, providing a better prognosis for this disorder.
Evaluation of the hypothesis
One of the first reports correlating the use of the ACE inhibitor, captopril with substantial mood elevation in three depressed patients was published in the early 1980s [27] . Further, cases reporting an improvement in major depression with captopril suggest that altered angiotensin function may play a role in the treatment of depression [28] [29] [30] . In more recent years an emphasis on the effects of ACE inhibitors and AT1R blockers against cognitive decline caught the attention for a potential role of these drugs in the prevention or even reversal of vascular dementias and Alzheimer's disease [31] . In this regard, neurochemical studies in animals have shown that AngII is able to inhibit the release of acetylcholine from entorhinal cortex slices. Thus, the ability of ACE inhibitors to facilitate cognitive processes may be related to a decreased availability of AngII [31] . In addition, these drugs also presented antidepressant and anxiolytic effect on experimental and clinical studies [31, 32] .
Angiotensin-converting enzyme is assumed to influence the activity of the hypothalamic-pituitary-adrenocortical (HPA) system [33] , which shows hyperactivity in the majority of patients with major depression [34] and BD [35] . Polymorphisms in the ACE gene were associated with unipolar depression, ACE activity alterations and hypercortisolism probably representing a common pathophysiologic link for unipolar depression and cardiovascular disease [33] . Associations between angiotensinogen and ACE gene polymorphisms and the risk of bipolar affective disorder in humans have been demonstrated as well [36] . In addition, there further appears to be an excess burden of cardiovascular risk factors with BD compared with the general population [37] . One important feature is that patients with co-occurring disorders, for example, cardiovascular disease and BD, experience worse prognosis with less favorable response to treatment, unemployment and thus higher cost than those without comorbidity. Moreover cardiovascular mortality is known to be a leading cause of excess mortality in BD, well above the risk associated with un-natural causes of death such as suicide or accidents [23] .
Recently it was demonstrated that astrocytes, microglia, and neurons express AT1R on high levels and respond to its activation by initiating the upregulation and activation of TGF-b, a highly pleiotropic and multifunctional molecule that plays pivotal role in the immune response [38] . Accordingly, AngII AT1R blockers exhibit anti-inflammatory effects not only in periphery of the body, but also in the brain [4] . Following this line of reasoning, recent research has highlighted the effects of AT1R blockers in improving inflammatory stress, being therefore beneficial for the treatment of brain disorders in which inflammation is a common feature [39] [40] [41] . Over the last years, it has been shown that inflammatory mechanisms and neural immune interactions are involved in the pathophysiology of psychiatric disorders such as major depression [42] and BD [20] . Accordingly, evidence reveals that chronic, mild inflammation in the periphery and in the brain occurs during BD [23] . This data provides a plausible explanation for the increased levels of pro-inflammatory cytokines in BD. Indeed, increased IL-1, IL-6 and TNF-a have been reported at differing stages of the illness [20] . This pro-inflammatory state is known to activate the tryptophan and serotonin degrading enzyme, indoleamine 2-3 dioxygenase (IDO), which has been found elevated in the plasma of bipolar patients [43] . IDO activation leads to increased consumption of tryptophan, the substrate for serotonin synthesis, thus reducing serotonergic neurotransmission and inducing the production of detrimental tryptophan catabolites (also called TRYCAT), Fig. 1 . Circulating inflammatory signals stimulate target cells in the brain increasing inflammatory cascades and leading to microglia activation and neuronal damage, contributing as a final event to mood swings and neuroprogression (the observed clinical progression of BD that is reflected by growing evidence of stage-related structural brain changes in affected individuals). Circulating inflammatory factors leads to activation of transcription factors AP-1 and NF-jB, with further production of inflammatory cascades within the endothelial cells and additional stimulation of inflammatory factor receptors and adhesion molecules. Enhanced release of inflammatory factors including, but not limited to PGE2, NO, TNF-a and IL-1b into the brain parenchyma leads to activation of microglia further production of inflammatory cascades, and neuronal injury. Adapted from Saavedra et al. [41] and Berk et al. [20] . such as kynurenic acid, which present neurotoxic effects [43] . IDO activity is also altered by cortisol [43] . Currently, dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis is thought to be associated with mood symptoms and worse cognitive functioning, although the researches in this field are still inconclusive [44] . As far as we know there are no studies evaluating the effects of AT1R blockers on TRYCAT generation. Meanwhile, regarding the HPA axis, the pretreatment with the AT1R blocker, candesartan, prevented the effects of isolation stress on HPA axis activation [45] .
Pro-inflammatory cytokines are also able to induce oxidative and nitrosative stress pathways, which can damage lipids, DNA and proteins, cause mitochondrial dysfunction and consequently apoptosis as well as cell membrane damage and protein aggregation. Stage dependent changes in oxidative stress have been reported in late stage more than in early stage bipolar patients, which may be part of a progressive failure of compensatory mechanisms over time, leading to cognitive decline and resistant BD, what may in part underlie the staging process [20] . In line with the aforementioned evidences for the involvement of oxidative stress and mitochondrial dysfunction in BD, valsartan, an AT1R blocker, exhibited neuroprotective effects on ischemic injury through the suppression of oxidative stress and mitochondrial injury [46] . Conversely, antioxidant drugs [25] and mitochondrial modulators [47] present mood stabilizer properties.
Angiotensin II seems to regulate dopamine neurotransmission as well [48] . In BD pathophysiology the dopamine hypothesis is related to the presence of a dopamine dysregulation syndrome underlying this disorder. According to this hypothesis an increased dopaminergic drive is related to symptoms of mania and the converse to depression [49] . Dopamine brain levels are influenced by angiotensin, because AngII receptors are found on the soma and terminals of mesolimbic dopaminergic neurons and within this dopaminergic pathway AngII binding to AT1Rs facilitates dopamine release. Indeed, in vitro pretreatment with candesartan, an AT1R blocker was able to attenuate dopamine release induced by amphetamine in caudate-putamen and nucleus accumbens slices showing, thus, that AT1R activation is related to the neuroadaptative changes induced by amphetamine [48] . Of note, the repeated amphetamine administration is broadly used as an animal model of mania [22, 50] .
It was previously demonstrated that pro-inflammatory cytokines decrease neurotrophin levels, particularly brain derived neurotrophic factor (BDNF), what leads to impairment in neuronal repair and neurogenesis and to activation of glutamatergic pathways (which also contributes to neuronal apoptosis). This mechanism is associated with changes in mood states in BD [23] . Indeed, the AT1R blocker telmisartan protects against cognitive decline via up-regulation of BDNF/tropomyosin-related kinase B in the hippocampus of hypertensive rats [51] . Similar effect (i.e. BDNF upregulation) was demonstrated for candesartan [52] .
Excessive allostatic load, a phenomenon triggered by long time intervals of stress response together with glucocorticoids and catecholamines release alterations, is known to be related to the development and neuroprogression of multiple brain diseases, including, but not limited to, mood disorders [53, 54] . Thus, in our hypothesis inhibition of the peripheral and brain RAS by the administration of AngII AT1Rs blockers could prevent allostatic load by preventing pro-inflammatory alterations associated with mood swings as well as other brain alterations related to BD pathophysiology because, as previously mentioned, chronic, mild inflammation in the periphery and in the brain occurs during BD [23] (Fig. 1) . Other pathophysiological mechanisms related to BD that can likely be regulated by AT1R blockers administration include BDNF decrease, hypercortisolism and oxidative stress. Thus, our hypothesis for the use of AT1Rs blockers in BD management is supported by six arguments: (i) decrease of inflammatory markers in peripheral organs and their release to the circulation; (ii) reduced progression of peripherally induced inflammatory cascades in the cerebral vasculature and brain parenchyma; (iii) direct anti-inflammatory effects in cerebrovascular endothelial cells, microglia, and neurons; (iv) antioxidant effects; (v) upregulation of BDNF levels; (vi) adjustment of dopamine levels. Accordingly, the clinical use of these drugs may provide a mood stabilizing effect accompanied by reduction or prevention in its neuroprogression and cognitive decline.
One possible limitation that needs to be addressed in the upcoming clinical trials is the drug interaction between lithium and AT1R blockers, what results in an increased risk for lithium intoxication [55] . Thus, much care must be taken when prescribing these drugs.
Taken as a whole, we propose that the accomplishment of preclinical and clinical studies regarding the use of AT1Rs blockers as adjuvant (add-on) therapies for BD is of immediate translational relevance.
Conclusions and future perspectives
The AT1Rs blockers play an important role in the regulation of blood pressure and current research has demonstrated its benefits in neuropsychiatric disorders, such as Alzheimer's [31] , Parkinson's [41] and major depression [30] . Brain RAS is related to pro-inflammatory mechanisms which mainly affects regions responsible for the emotion, as the limbic system, hippocampus, hypothalamus and prefrontal cortex [14] . In line with this evidence, therapy with AT1Rs blockers can be a new pharmacological strategy to prevent and/or treat BD patients, based on the relation of neuroinflammation and oxidative stress with the pathophysiology of this disorder [20] . Thus, this paper proposes the development of future pre-clinical researches to evaluate the antimanic effect of these drugs and the possible mechanism of action, as well as clinical researches to determine its therapeutic profile in BD patients, opening therefore new avenues for the treatment of this mental disorder already known to be closely related to cardiovascular disease comorbidity [23] . Our hypothesis has one limitation. Inhibitors of AT1Rs may raise lithium levels increasing, thus, the risks of lithium toxicity [55] . Thereby, great importance should be given to this event because lithium is a first-line drug in the treatment of BD.
